Summary. Multilocus enzyme electrophoresis was employed to estimate chromosomal genotypic diversity and relationships among 13 1 isolates of the non-motile SaZmonelZa biotypes Gallinarum and Pullorum (serotype 1, 9, 12: -: -) that cause fowl typhoid and pullorum disease, respectively. Thirteen electrophoretic types (ETs), marking clones, were distinguished, and construction of a neighbour-joining phylogenetic tree revealed three lineages : one consisted of five ETs of Gallinarum, a second included seven ETs of Pullorum, and a third was represented by a single ET (Ga/Pu 1) that is intermediate between those of the other two lineages in both multilocus enzyme genotype and biochemical properties. Enzyme genotype analysis and comparative nucleotide sequencing of the phase 1 flagellin gene WiC), the hook-associated protein 1 gene (fEgK), and the 6-phosphogluconate dehydrogenase gene (gnd) identified serotype Enteritidis (1,9, 12: g, m: -) as a close relative of the non-motile salmonellae. In most strains of biotype Gallinarum, the fliC gene is complete, intact and identical in sequence to that of Enteritidis, but isolates of three ETs had a stop codon at position 495. ThefliC sequences of the ETs of Pullorum differed from that of Enteritidis in having non-synonymous changes in either two or three codons and a synonymous change in one codon. The sharing of distinctive alleles at three metabolic enzyme loci and a stop codon inflgK indicates that the non-motile salmonellae are monophyletic and that their most recent common ancestor was non-motile. Since diverging from that ancestor, the Pullorum lineage has evolved more rapidly than the Gallinarum and Ga/Pu 1 lineages.
Introduction
Of the more than 2200 types of SaZmoneZZa distinguished in the Kauffmann-White serological scheme of clas~ification,l-~ only Gallinarum and Pullorum, both of which are invasive avian are obligatorily non-flagellate and, hence, non-motile. Biotype Gallinarum is the agent of fowl typhoid, an acute septicaemic disease of pullets and adult birds involving anaemia, leucocytosis and haemorrhages in the cutis and parenchymatous organs, whereas biotype Pullorum produces bacillary white diarrhoea (pullorum disease) that affects primarily chicks in the first week of life and is characterised by diarrhoea, septicaemia and the development of caseous areas in the gizzard wall and heart muscle. Pullorum disease is commonly spread by ovarian transmission of bacteria to eggs in carrier hens, whereas infection by Gallinarum is usually acquired by the ingestion of food or water contaminated by the excreta of diseased Received 27 April 1992; accepted 30 June 1992.
t Correspondence should be sent to Professor R. K. Selander. birds or carriers. Both Gallinarum and Pullorum are economically important pathogens of chickens and turkeys, but they also cause disease in others birds, and Pullorum is recovered occasionally from mammals, including man.
Because isolates of Gallinarum and Pullorum cannot be distinguished by routine serology (both are serotype 1,9,12: -: -), they are classified as biotypes (or bioserovars) of the same serotypelt and in practice are differentiated on the basis of biotype.'? ' 9 They also differ in growth characteristics, colony morphology,' response to various bacteriophagesg 9 lo and the expression of minor forms of somatic antigen 12. ' The present study addressed questions concerning the genetic diversity and evolution of populations of Gallinarum and Pullorum. What are the chromosomal genetic relationships of strains within and among populations? To which of the motile Salmonella serotypes are they most closely related? Are they monophyletic or polyphyletic? And even if monophyletic, was the non-motile condition a property of their most recent common ancestor or did it develop independently in separate lineages derived from that ancestor? Have the flagellin-encoding gene and other genes mediating the expression of flagella been lost or only silenced?
In an attempt to answer these questions, we have analysed strains of Gallinarum and Pullorum for protein polymorphisms by multilocus enzyme electrophoresis and for DNA polymorphisms by nucleotide sequencing of the.fliC gene encoding phase 1 flagellin and the gnd gene encoding the metabolic enzyme 6-phosphogluconate dehydrogenase.
Methods of lysate preparation, protein electrophoresis, and selective enzyme staining were as described by Selander et ~1 . '~ Variation in electrophoretic mobility of the following 23 enzymes was assayed in all 13 1 isolates: isocitrate dehydrogenase (IDH), aconitase (ACO), carbamylate kinase (CAK), adenylate kinase (ADK), 6-phosphogluconate dehydrogenase (6PG), phosphoglucose isomerase (PGI), nucleoside phosphorylase-1 (NP l), catalase (CAT), hexokinase (HEX), leucylglycyl-glycine peptidase (LGG), phenylalanyl-leucine peptidase (PLP), malate dehydrogenase (MDH), glucose-6-phosphate dehydrogenase (G6P), mannitol-1 -phosphate dehydrogenase (M 1 P), glucose dehydrogenase (GDH), phosphoglucomutase (PGM), glutamate dehydrogenase (GLU), indophenol oxidase (IPO). mannose-6-phosphate isomerase (MPI), glutamic-oxaloacetic transaminase-1 (GTl), shikimate dehydrogenase (SKD), acid phosphatase-1 (AP1) and acid phosphatase-2 (AP2).
Electromorphs (allozymes) of each enzyme were equated with alleles at the corresponding structural gene locus. and an absence of enzyme activity was attributed to a null allele. Distinctive combinations of alleles (multilocus enzyme genotypes) were designated as electrophoretic types (ETs)."
Single isolates of the ETs which were identified by analysis of the 23 enzyme loci were further characterised for alleles at loci encoding the following six enzymes : malic enzyme (MAE), nucleoside phosphorylase-2 (NP2), glyceraldehyde-3-phosphate dehydrogenase (G3P), threonine dehydrogenase (THD), alkaline phosphatase-l (AL l) and alkaline phosphatase-2 (AL2).
For comparative purposes, representative single isolates of 12 of the ETs of Salmonella Enteritidis identified by Beltran et al. 13 and eight other serotypes of Salmonella subspecies I2 were analysed for allelic variation at all 29 enzyme loci.
The antigenic formulae of the serotypes and biotypes studied are given in table I.
Bio typ ing
A description of methods was given by Crichton and Old," who biotyped 86 of the non-motile isolates. The traits examined were: production of gas from glucose ; fermentation of dulcitol, maltose, rhamnose and xylose ; and decarboxylation of ornithine. 
Results

Genetic diversity
Of the 23 enzyme loci assayed for allelic variation by enzyme electrophoresis in 13 1 non-motile salmonellae, 12 loci were polymorphic and 11 loci were monomorphic (table 111) . Thirteen distinctive multilocus genotypes, designated as electrophoretic types (ETs), were identified.
Among the 56 strains identified by biotype as Gallinarum, five ETs were distinguished, pairs of which differed in alleles at from one to three of the 23 a enzyme loci assayed (table 111). Ga 2 was represented by 34 isolates, including one strain (RKS 5058; original strain number SL303) which had been received as an atypical strain of Pullorum by Crichton and Old," but whose biotype proved to be more like that of strains of Gallinarum. Isolates of Ga 2 were originally isolated in the USA, Ecuador, the UK, Greece, the Middle East, Kenya and Tanzania in the period 1921-1986. Ga 2a, which differs from Ga 2 in having null alleles at the AP1 and AL2 loci, was represented by 18 isolates collected in the Middle East, Greece and the UK. The three remaining ETs, Ga 1, Ga 3 and Ga 4, each of which was represented by only one or two isolates, differed from Ga 2 at one or two loci.
Among the 75 strains received as Pullorum (excluding RKS 5058, mentioned above), eight distinct multilocus genotypes were distinguished, seven of which were designated as ETs of Pullorum (Pu); the eighth ET was designated as Ga/Pu 1 for reasons Table 11 . Primers used for PCR-amplification and sequencing ofJiC Primer* Nucleotide sequence 5' start position7 * Primers G1, G5, and G10 were designed from the published fliC sequence of Typhim~r i u m ,~~,~~ and the other primers were designed from the sequence of the cloned gene of Gallinarum (this study).
t Relative to the adenine (position + 1) residue of the ATG start codon. 3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  0  ,  5  3  5  3  3 ET Ga/Pu 1, which was represented by 12 isolates from Germany and one from the Middle East, had a distinctive allele at the ACO locus, but, otherwise, its enzyme genotype was a combination of alleles that distinguished the common ETs of Gallinarum and Pullorum (table 111) . Thus, Ga/Pu 1 was like Gallinarum in carrying the LGG3, GT13, AP13, and ALZ3 alleles but shared the MDH3 and APZ5 alleles with Pullorum.
Evolutionary relationships among ETs
From profiles of alleles at 29 enzyme loci (tables I11 and IV), estimates of Nei's standard genetic distance20 were obtained for all pairs of the 13 ETs of the nonmotile salmonellae, 12 ETs of Enteritidis, and single ETs of eight other Salmonella serotypes. A neighbourjoining tree21 based on these distances is shown in fig.  1 To determine whetherfliC genes are present in the genomes of the non-motile salmonellae, EcoRIHitzdIII-digested chromosomal DNA from two isolates of Gallinarum (representing Ga 2 and Ga 4), three isolates of Pullorum (Pu 2, Pu 3 and Pu 4), and an isolate of Gallinarum/Pullorum (Ga/Pu 1) was tested with a flagellin gene probe in Southern hybridisations. In all six isolates, a 4-4-kb fragment hybridised with the probe, indicating the presence of at least part of theJIiC gene. The gene was then sequenced in strains of the non-motile salmonellae and Enteritidis.
Vrrricition in sequence of the fliC coding region (table VI) . (For convenience of discussion, we have designated this sequence as the standard.) The exceptional ET of Enteritidis was En 2, which differed markedly in multilocus enzyme genotype from all other ETs of that serotype13 (see table I11 and below).
TheJliC gene of G a 2 isolate RKS 4994 differed from the standard sequence at a single site that created a stop codon at amino acid position 495 (table VI) ; and the same stop codon was present in the sequence of isolate RKS 5029, representing Ga 1. To further determine the distribution of this mutation, a 400-bp fiiC segment that included codon 495 was sequenced in three additional isolates of Ga 2 and a strain of Ga 2a (data not shown). Only the Ga 2a strain had this stop The nueleotide sequences of the 1518-bpJliCcoding codon. It is noteworthy that all three isolates with the region were identical in isolates of Ga 3 , Ga 4, stop codon were isolated in the Middle East. TheJEiC genes of four strains of Pullorum (representing Pu 1, Pu 2, Pu 3 and Pu 4) differed from the standard sequence by three or four nucleotides (table VI). All four strains had non-synonymous substitutions in codons 91 (Arg -+ Ser) and 339 (Glu -+ Lys) and a synonymous change in codon 316. In addition, strains of Pu 1, Pu 3 and Pu 4 shared a non-synonymous change in codon 43 1 (Ala -, Thr).
Nucleotide polymorphism in gnd
Among the eight subspecies I strains from which a 1335-bp segment of the gnd coding region was sequenced, there were 28 polymorphic nucleotide sites. The sequence of Ga 2 strain RKS 4994 was identical to that of Enteritidis En 1 strain RKS 53, and the sequences of isolates of Pu 3 (RKS 5078) and Ga/Pu 1 (RKS 5079) were distinctive only in having single unique synonymous changes. In contrast, Tm 1 (RKS 284) differed from Ga 2 and En 1 in having one nonsynonymous and eight synonymous changes.
A neighbour-joining tree generated from these data is shown in fig. 2 . The evolutionary relationships of the strains indicated by the gnd locus sequences are the same as those shown by a tree based on multilocus enzyme genotype ( fig. l) , with the non-motile salmonellae clustering together with Enteritidis and Dublin.
Discussion
C nal structure of populations ! b e recovery of isolates of identical ET in widely separated regions and over periods as long as 50 years (Ga 2 and Pu 3) indicates that the genetic structure of populations of Gallinarum and Pullorum is basically clonal, as previously demonstrated for the salmonellae in gene~a1.l~' 2 2 p 23 Natural populations of Gallinarum are composed predominantly of strains of one clone, Ga 2, which is global in distribution; 52 (93 YO) of the 56 isolates of the Gallinarum lineage represent Ga 2 or Ga 2a, which is distinctive only in having null alleles at two loci and may be considered a subclone of Ga 2. The commonest clone of Pullorum is Pu 3, which also appears to be globally distributed; 38 (51 YO) of the 75 isolates of Pullorum represent Pu 3 or the subclones Pu 3a, Pu 3b, and Pu 3c.
Flagellin gene structure Spontaneous reversion to motility has not been observed in any strain of the non-motile salmonellae,2? 24 but a transduction experiment reported by Lederberg and demonstrated that a strain of Gallinarum carried at least that part of a JZiC gene specifying the same phase 1 flagellar antigenic determinants (epitopes g, m) as strains of Enteritidis. We found complete fliC genes in all nine strains of the non-motile salmonellae sequenced, and, moreover, the genes of strains of Ga 3, G a 4 and Ga/Pu 1 were identical to the standard sequence of Enteritidis. However, a stop codon near the distal end of the gene (codon 495) was found in single strains of Ga 1, Ga 2 and Ga 2a (table VI) , all of which were isolated in the Middle East.
TheJZiC sequences of the Pullorum ETs differed from the standard sequence in having non-synonymous substitutions in either two or three codons (table  VI) . Because these changes occur in the central part of the gene in which epitopic variation is en~oded,~~-~O it is possible that, if expressed, theJZiC genes of strains of Pullorum would produce polypeptides with epitopes other than, or in addition to, g, m.
The inability of the non-motile salmonellae to express flagella cannot be attributed to loss or degeneration of the flagellin structural gene itself, which is intact in almost all strains. Hence, the genetic basis for non-motility remains to be determined; and because many genes are involved in the biogenesis of the flagell~rn,~~ there are many ways in which the nonflagellate condition could have been achieved. The only other information available concerning the condition of flagellar genes in the non-motile salmonellae comes from comparative sequencing of JZgK, which encodes the flagellar hook-associated protein 1 (HAP1),32933 in single isolates of Ga 2, Pu 3, Ga/Pu 1, En 1, and laboratory strain LT2 of Typhimurium, representing Tm 1 (data not shown; J.L. and R.K.S., unpublished observations). TheJZgK genes of Ga 2 and Pu 3 are complete and more similar in sequence to the gene of En 1 than to that of Tm 1, but the sequences of all three non-motile strains have a stop codon at position 125 as a result of a G -, T substitution; and the strain of Ga/Pu 1 also has a 336-bp deletion in the central part of the coding region of the gene.
Taken together, our findings indicate that loss of motility in the avian-adapted salmonellae occurred relatively recently in evolutionary time. The occurrence of the same stop codon in JZgK in all three , lineages of the non-motile salmonellae strongly supports the hypothesis that they are monophyletic and that their most recent common ancestor was already non-motile. We suggest that the point mutations observed in fliC and JlyK accumulated after gene inactivation, when, as a consequence of mutation in another gene that inhibited flagellar biosynthesis, they were no longer subject to purifying selection. The original basis for ancestral non-motility may have involved a mutation in a gene affecting activity of the flagellar r e g~l o n ,~~. 35 
Biotype groups
Crichton and Old'' recognised that strains of Gallinarum are relatively homogeneous in biotype, whereas strains of Pullorum exhibit considerable biotype diversity. They distinguished two biotype groups of Pullorum, but four of the 36 strains examined by them could not be assigned to either group. By probing the chromosomal DNA of 12 isolates with a segment of a fimbrial subunit gene (P4 probe), they concluded that the two groups also differ in restriction fragment length polymorphism pattern. However, this conclusion requires confirmation by analysis of a much larger sample of isolates, especially in view of our finding that the biotype groups are not cognate with ETs. Both Pu 2 and Pu 3 include isolates assigned to either of Crichton and Old's groups, and strains of Ga/Pu 1 are not assignable to either group. As demonstrated previously for clonal lineages of Salmonellu Paratyphi B,22 biotype characters evolve rapidly and convergently and, consequently, are of little value for phylogenetic analysis. Nevertheless, biotype characters that provide strain discrimination within serotypes may be invaluable for epidemiological studies. As intended, the biotype study of Crichton and Old'l achieved type discrimination among strains of Gallinarum and Pullorum and, at the same time, indicated that an understanding of the evolutionary history of the non-motile salmonellae was likely to be achieved only by analysis of variation at the molecular level.
Ga/Pu 1 is in overall genetic character closer to ETs of Gallinarum than to those of Pullorum. Phenotypically, it is Pullorum-like in gving positive results in tests for gas production and for decarboxylation of ornithine ; and genotypically, it resembles Pullorum in having the MDH3 and AP25 alleles. Unfortunately, we have no information on either the hosts or the type of disease caused by strains of Ga/Pu 1.
Phylogenetic relationships between the nonmotile salmoneilae and enteritidis
The neighbour-joining tree shown in fig. 1 places the ETs of Gallinarum, Pullorum and Gallinarum/ Pullorum near those of Enteritidis (excluding En 2), with which they share the somatic antigen profile I, 9, 12. Inasmuch as we have not determined the multilocus enzyme genotypes of all the many serotypes of Salmonella subspecies I, we cannot definitively conclude that Enteritidis is the closest extant relative of the nonmotile salmonellae, but the available evidence is sufficient to establish a fairly close relationship. This conclusion is strongly supported by the identity or close similarity of the sequences of theflfliC,flgK, and gndgenes in the non-motile salmonellae and Enteritidis En 1. Hence, we hypothesise that the non-motile salmonellae evolved from an Enteritidis-like ancestor that was motile and had a broad host range that included birds; in other words, a clonal lineage genetically and ecologically similar to En 1.
In biochemical characters, Gallinarum and Pullorum differ markedly from one another and from Enteritidis,', l1 but variation in these phenotypic traits is likely to reflect differential adaptive modification rather than phylogenetic relationship.
Euolution of the nonmotile salmonellae
Based on the results of our genetic analysis, we have developed a hypothetical evolutionary scenario for the origin and radiation of the non-motile salmonellae ( fig. 3) . This interpretation, which assumes that lineages have diverged solely by mutation, without lateral transfer and homologous recombination of genetic material, is a hypothesis that may be tested as new data become available.
A0 is the postulated most recent common ancestor of the ETs of Enteritidis (excluding En 2) and those of the non-motile salmonellae. In multilocus enzyme genotype (henceforth, MEG), A0 was similar to En 1, and itsfliC sequence (henceforth, FS) was the standard one. A1 is the hypothetical most recent common ancestor of the ETs of the non-motile salmonellae. That the Ga, Pu and Ga/Pu 1 ETs are monophyletic was initially suggested by our observation that they share three enzyme loci alleles (PGI', NP13" and THD2) that are unique or rare among the salmonellae (table 111) . Subsequently, this inference was confirmed by the discovery of a shared stop codon at position 125 in theflgK genes of strains of all three lineages of the non-motile salmonellae. In our hypothesis, a single mutational event in an Enteritidis-like ancestor inactivated the flagellar structural genes, following which they diverged through the accumulation of neutral mutations. This interpretation is one reason our scen- ario does not invoke recombination, despite evidence that recombination ofJiC in the motile salmonellae is a major mechanism by which new serotypes arise.37
Because JiC is not expressed in the non-motile salmonellae, it is not subject to either purifying selection or selection favouring new flagellin epitopes. Consequently, recombinant genotypes ofJEiC or other flagellar genes can achieve high frequency only through genetic drift. We assume that recombination events occur with low frequency and are not required to explain the evolutionary radiation of the non-motile salmonellae shown in fig. 3 . Also consistent with a monophyletic interpretation is the similarity in size (85 kb) and structure of the virulence plasmids of Gallinarum and P u l l o r~m~~-~' and the absence in strains of both biotypes of intact 23s ribosomal RNA (data not shown), a condition caused by the excision (without religation) of a small intervening sequence in the course of rRNA maturation. 41 In Enteritidis, the virulence plasmid is much smaller (64 kb), and or all (data not shown) of the 23s rRNA is intact. Also, the non-motile salmonellae have type 2 fimbriae rather than the type 1 fimbriae expressed by Enteritidi~~~ and most other salmonellae.ll Ancestor Al, whch had retained the standard FS of AO, was already non-motile and probably was also host-adapted to birds, although host restriction may have been less severe than in the extant clones of the non-motile salmonellae. From Al, three lineages diverged. First, Ga/Pu 1 arose by changes in MEG at two loci, AC04 and CAT4, while the FS remained unmodified. Second, the lineage leading to the clones of classical Gallinarum first gave rise to Ga 2 through two MEG changes, MDH' and AP2'. The FS remained unmodified in some geographic populations of Ga 2; but in the population in the Middle East, a C to T substitution converted codon 495 to a stop codon. Subsequently, Ga 1 was derived from this Ga 2 population through a MEG mutation to CAT2, but without change in FS, and subclone Ga 2a arose from Ga 2 by null mutations at APl and AL2, both of which produce phenotypes that are convergent with those of the ETs of Pullorum. Elsewhere, Ga 2 gave rise to Ga 3 by a C A P mutation and to Ga 4 by mutations to HEX' and G6P5. Third, A1 also gave rise to A2, the postulated most recent common ancestor of all Pullorum ETs, by the accumulation of five changes in MEG (AC02", LGG4, GT12, APl' and AL2O) and non-synonymous substitutions in codons 9 1 and 339 and a synonymous substitution in codon 316 of the fliC gene.
From ancestor A2, Pu 2 evolved by MEG mutation to G6P2'5, without change in FS. The derivation of Pu 3 from A2 involved only a non-synonymous nucleotide substitution in codon 43 I ofJEiC. Subsequently, Pu 3 gave rise to Pu 1 by a mutation to PGM' and to Pu 4 by mutation to NP 1 4.9, with FS remaining unchanged.
Subclones Pu 3a and Pu 3b were each derived from Pu 3 by single null mutations at GLU and NP1, respectively; and subclone Pu 3c later arose from Pu 3b by an additional null mutation at AP2. This scenario postulates a total of 24 MEG mutations, six of which involve parallel change in separate lineages, CAT3 to CAT4 in both Ga/Pu 1 and Ga 3 and mutations to APlO and AL2' in Ga 2a and A2, the most recent common ancestor of the Pullorum ETs. For evolution of theJEiC gene, five nucleotide substitutions (none parallel) are postulated.
An implication of this scenario is that a relatively rapid rate of evolution in both enzyme genotype and JEiC sequence occurred between A1 and A2. Perhaps this was associated with the development of close hostadaptation to birds, which may have occurred earlier in the Pullorum lineage than in the lineages leading to the Gallinarum and Ga/Pu 1 clones. The fact that very different diseases are caused by strains of classical Gallinarum and Pullorum is consistent with the notion of independent development of host-adaptation.
A further implication of the scenario is that a lineage identical (or nearly so) in ~7 i C sequence and very similar in enzyme genotype to ancestor A0 has persisted to the present time; this is represented by the globally predominant En 1 clone of Enteritidis. This lineage has given rise to a number of distinctive clones, including a dozen or so that are classified as Enteritidis because there has been no change inJIiC and several that have acquired amino acid substitutions modifying the flagellin epitope profile from g, m and are, consequently, classified in the Kauffmann-White scheme as distinct serovars. An example is Dublin, with flagellin epitope profile g, p but only a minimal
